Mitochondrial oxidative damage is thought to play a key role in pancreatic -cell failure in the pathogenesis of type 2 diabetes. Despite this, the potential of mitochondria-targeted antioxidants to protect pancreatic -cells against oxidative stress has not yet been studied. Therefore, we investigated if mitochondria-targeted antioxidants protect pancreatic -cells such as RINm5F and HIT-T15 cells against oxidative stress under glucotoxic and glucolipotoxic conditions. When -cells were incubated under these conditions, the expression levels of mitochondrial electron transport chain complex subunits, mitochondrial antioxidant enzymes (such as MnSOD and Prx3), -cell apoptosis, lipogenic enzymes (such as ACC, FAS and ABCA1), intracellular lipid accumulation, oxidative stress, ER stress, mitochondrial membrane depolarization, nuclear NF-B and sterol regulatory element binding protein 1c (SREBP1c) were all increased, in parallel with decreases in intracellular ATP content, citrate synthase enzymatic activity and glucose-stimulated insulin secretion. These changes were consistent with elevated mitochondrial oxidative stress, and incubation with the mitochondria-targeted antioxidants, MitoTempol or Mitoquinone (MitoQ), prevented these effects. In conclusion, mitochondriatargeted antioxidants protect pancreatic -cells against oxidative stress, promote their survival, and increase insulin secretion in cell models of the glucotoxicity and glucolipotoxicity associated with Type 2 diabetes.
Introduction
In eukaryotic cells mitochondria are the major producers of ATP via oxidative phosphorylation, which occurs by coupling electron movement through complexes I-IV of the electron transport to oxygen with ATP synthesis by the FoF1-ATP synthase (complex V) by means of a proton electrochemical gradient [1] . The production of mitochondrial reactive oxygen species (ROS) occurs as a physiological by-product of the action 874 of the mitochondrial electron transport chain (mETC) and this ROS production can overwhelm antioxidant defences and lead to oxidative damage under pathological conditions [2] . Among the mETC complexes, complex I and III are considered the major sites that generate superoxide (O 2 .- ). Complex I generates O 2 .-only within the mitochondrial matrix, while complex III generates O 2 .-in the intermembrane space as well as in the matrix [3, 4] . The proximal ROS generated is O 2 .-, which leads to the formation of the other ROS hydrogen peroxide (H 2 O 2 ) and the hydroxyl radical (OH • ). As well as being potentially damaging, H 2 O 2 can also function directly as a second messenger in a physiologically relevant manner. Manganese superoxide dismutase (MnSOD) is an important anti-oxidant enzyme in the mitochondrial matrix that is encoded by the nuclear SOD2 gene and that catalyzes the dismutation of O 2 .
-to H 2 O 2 [5] . Mitochondrial dysfunction is thought to play a major role in pancreatic -cell failure in the pathogenesis of type 2 diabetes [6, 7] . Although the exact mechanism underlying -cell dysfunction is not known, the enhanced mitochondrial ROS production that occurs in pancreatic -cells under hyperglycemia and hyperlipidemia is considered a major contributing factor for the disruption of -cell function in type 2 diabetes [8, 9] . In the presence of normal glucose concentrations, pancreatic -cells metabolize glucose via glycolysis and TCA cycle, and the production of ROS by mitochondria can be detoxified by the endogenous antioxidant pathways. However, when the glucose concentration is elevated, for example following a meal, the mechanism by which -cells sense the increase in glucose couples it to insulin secretion pushing more electrons into the mETC and thereby increasing the ATP/ADP ratio which leads indirectly to increased insulin secretion. However, the reduced mETC and the increased membrane potential across the mitochondrial membrane can thereby increase until a critical threshold is reached at which electron transfer inside complex III is blocked [10, 11] , causing the electrons to generate O 2 .
-. This phenomenon may be further exacerbated in hyperlipidemia, when both -oxidation of fatty acids and oxidation of FFA-derived acetyl CoA by the TCA cycle generate the electron donors (NADH and FADH2), thereby potentially increasing mitochondrial ROS production [10] . Indeed, obesity, a major risk factor for type 2 diabetes, is associated with increased lipolysis and FFA concentrations, chronic oxidative stress, and inflammation, potentially increasing mitochondrial ROS production [12] . A further consideration is that pancreatic -cells are particularly susceptible to oxidative damage.
Thus, the continual hyperglycemia and hyperlipidemia that occurs chronically in the conditions that lead to type 2 diabetes may lead to mitochondrial oxidative damage in pancreatic -cells [7, 8] and is a potential mechanism for the marked losses of -cell function that is found in patients with type 2 diabetes [13] . Consequently, therapies that decrease mitochondrial oxidative damage might be expected to prevent some of this damage [7] . MitoTempol and Mitoquinone (MitoQ) are two promising mitochondria-targeted antioxidants derived from tempol (and antioxidant nitroxide) and ubiquinone, which are targeted to mitochondria by covalent attachment to a lipophilic triphenylphosphonium cation [14] [15] [16] [17] . Because of the large mitochondrial membrane potential, the cations are accumulated within mitochondria inside cells. Mitochondria-targeted antioxidants are protective in vivo against oxidative damage in many different pathologies, such as diabetes, cardiovascular, cancers, and neurodegenerative disorders [18] [19] [20] [21] . In addition, the antioxidant MitoTempol decreases ROS generation, reduces abdominal fat and the weight gain, decreases blood glucose and normalizes blood insulin and creatinine levels in obese/Zucker rats fed a high fat diet [22] [23] [24] . However, it was unclear if mitochondria-targeted antioxidants could give greater protection and whether they could also preserve pancreatic -cells against oxidative stress under glucotoxic and glucolipotoxic conditions. Therefore, we addressed this question in this study and found that mitochondria-targeted antioxidants did protect pancreatic -cells such as RINm5F and HIT-T15 cells against the glucotoxic and glucolipotoxic conditions found in type 2 diabetes.
Materials and Methods

Materials
RPMI 1640 medium and fetal bovine serum were purchased from Lonza (Walkersville, MD). TO901317 was purchased from Calbiochem (San Diego, CA). MitoQ was provided by Dr. Michael P. Murphy and MitoTempol was purchased from Alexis Biochemicals (San Diego, CA, USA). MitoTempol at 75 μmol/l was used as described previously [25, 26] . 2', 7'-dichlorodihydrofluorescein diacetate (DCF-DA), Hoechst 33342, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) and Oil Red O were acquired from Sigma (St. Louis, MO). Antibodies against each subunit of the mitochondrial complexes were purchased from MitoScience (Eugene, OR, USA) and NDUFS5 was provided from GeneTex (Irvine, CA, USA). Antibodies against acetyl-CoA carboxylase (ACC) was purchased from Upstate Biotechnology and cholesterol transporter (ABCA1) from Novus Biologicals.
Antibodies specific to fatty acid synthase (FAS), 4-hydroxynon-2-enal (HNE), heme oxygenase-1 (HO-1) and malondialdehyde (MDA) were purchased from Abcam (Cambridge, OWN, UK). Antibodies against NDUFAF1, actin, immunoglobulin-binding protein/glucose-regulated protein-78 (Bip/Grp78), insulin, sterol regulatory element binding protein 1c (SREBP1c) and lamin B were acquired from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against C/ EBP-homologous protein (CHOP), phosphorylation eukaryotic initiation factor 2 (p-eIF2 ), poly (ADP ribose) polymerase (PARP) and caspase 3 were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibody against protein disulfide isomerase (PDI) was obtained from Stressgen (Assay Designs, Ann Arbor, MI, USA). The 8-OHdG-EIA kit was from OXIS Health Products (Portland, OR, USA), and DNase I was from Qiagen (Chatsworth, CA, USA).
Cell culture
RINm5F and HIT-T15 cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 units/ ml penicillin and 100 μg/ml streptomycin sulfate (Invitrogen, CA). Glucose at 11.2 mmol/l and 31.2 mmol/l was used as lowand high-glucose condition, respectively, as described previously [27, 28] .
MTT assay
Cell viability was assessed using the MTT conversion assay in a 12-well plate. The culture medium was replaced with 1 ml of medium containing 0.5 mg/ml of MTT and cells were incubated for 30 min at 37°C. The blue-colored tetrazolium crystals resulting from mitochondrial enzymatic activity on the MTT substrate were solubilized with 200 μl of dimethyl sulfoxide (DMSO), and the absorbance was read at 595 nm in a microplate reader (Bio-Rad). Cell survival was expressed as the percentage of absorbance relative to that of the untreated cells.
Hoechst 33342 staining
Equal numbers of cells were treated with or without TO901317 (10 μmol/l) in the presence or absence of MitoTempol (75 μmol/l) or MitoQ (100 nmol/l) for 48 h under low-glucose (11.2 mmol/l) or high-glucose (31.2 mmol/l) conditions. Cells were then incubated for 30 min with Hoechst 33342 loading dye (10 μmol/l), fixed for 20 min in 4% formaldehyde, and then washed three times in ice cold phosphate-buffered saline (PBS). The stained cells were monitored using an LSM510 confocal laser microscope (Carl Zeiss, NY), and apoptotic cells were identified by nuclear condensation and fragmentation.
Measurements of cellular triglycerides, free fatty acids and cholesterol
The cellular contents of triglycerides (TG) and cholesterol in RINm5F cells were measured using TG and cholesterol assay kits (ThermoDMA, Louisville, CO, USA). The amount of free fatty acids (FFAs) was determined using a nonesterified fatty acid assay kit (Roche, Indianapolis, IN, USA). Each analysis was performed according to the manufacturer's instruction.
Oil Red O staining
Equal numbers of cells were seeded into a 6-well microplate and grown to 80 % confluency in RPMI medium. The cells were then treated with or without TO901317 (10 μmol/l) in the presence or absence of MitoTempol (75 μmol/l) or MitoQ (100 nmol/l) for 48 h under low-glucose (11.2 mmol/l) or high-glucose (31.2 mmol/l) conditions and fixed for 1 h in 4 % formaldehyde. After fixation, the cells were washed four times with PBS, and Oil Red O solution (3 mg/ml in 60% isopropanol) was added to each well and incubated at room temperature for 15 min. The cells were then washed with PBS and observed under a microscope. The dye was extracted from cell culture dishes with isopropanol (1 ml), and the absorbance was measured spectrophotometrically at 510 nm using previously described methods [29] .
Preparation of the mitochondrial fraction and mitochondrial proteins
The preparation of the mitochondrial fraction and mitochondrial proteins was performed as described previously [30] . Cells were suspended in lysis buffer (250 mmol/l sucrose, 0.1 mmol/l EDTA, and 2 mmol/l HEPES, pH 7.4) and homogenized; the mitochondria were then isolated using differential centrifugation, and the mitochondrial H 2 O 2 concentration was measured. For Western blotting, the mitochondria were lysed in lysis buffer (Intron Biotechnology, Kyunggi, Korea).
Mitochondrial H 2 O 2 measurement
The levels of mitochondrial H 2 O 2 were determined using a modified method using absorbance of resorufin, a reaction product of Amplex Red. A total of 100 μl of reaction buffer (120 mmol/l KCl, 3 mmol/l HEPES free acid, 1 mmol/l EGTA, and 0.3% BSA, pH 7.2, at 37°C) with 50 μmol/l Amplex Red (Molecular Probes, Invitrogen, Carlsbad, CA, USA), 6 U/ml HRP and 30 U/ ml SOD were added to each microplate well and then pre-warmed at 37°C for 15 min. The reaction was then started by adding 35 μg of the re-suspended mitochondrial fractions in 100 μl reaction buffer. After 30 min, the absorbance of the reaction mixtures was measured at 560 nm using a fluorescence microplate reader (Bio-Rad, Richmond, CA, USA).
Detection of mitochondrial ROS and intracellular ROS level using confocal microscopy
Mitochondrial ROS and intracellular ROS levels were estimated via MitoSOX Red and DCF fluorescence as indicators, respectively, using confocal microscopy as previously described [29, 31] . In brief, equal numbers of RINm5F cells were seeded on glass coverslips in a 12-well microplate and grown to 80% confluency in RPMI medium. The cells were treated with or without TO901317 (10 μmol/l) in the presence or absence of MitoTempol (75 μmol/l) or MitoQ (100 nmol/l) for 48 h under low-glucose (11.2 mmol/l) or high-glucose (31.2 mmol/ l) conditions. The cells were then loaded with MitoSOX Red (5 μmol/l) and DCF-DA (10 μmol/l) to detect mitochondrial and intracellular ROS levels, incubated at 37°C for 30 min, and washed five times in ice-cold PBS. After being washed, the cells were fixed in 4% formaldehyde, washed in PBS and mounted onto slides with histological mounting medium (National Diagnostics, USA). Fluorescence was evaluated using an LSM510 confocal laser microscope (Carl Zeiss, NY). The excitation and emission wavelengths for MitoSOX and DCF-DA were 488 nm and 525 nm, respectively.
Analysis of intracellular ROS and mitochondrial membrane potential using flow cytometry
The intracellular ROS and mitochondrial membrane potential were measured using flow cytometry as previously described [29, 30, 32] . In brief, equal numbers of RINm5F cells were seeded in a 6-well microplate and grown to 80% confluency in RPMI medium. The cells were treated with or without TO901317 (10 μmol/l) in the presence or absence of MitoTempol (75 μmol/l) or MitoQ (100 nmol/l) for 48 h under low-glucose (11.2 mmol/l) or high-glucose (31.2 mmol/l) conditions. The cells were then loaded with DCF-DA (10 μmol/l) and incubated at 37°C for 30 min, after which the cells were washed with PBS, harvested in 1 ml of trypsin, and then suspended in PBS. The supernatant was removed using centrifugation at 1,000 rpm for 5 min, and the cell pellet was resuspended in 0.5 ml of PBS. Fluorescence was assessed via flow cytometry (FACS Calibur; Becton-Dickinson, Franklin Lakes, NJ). The mean DCF fluorescence intensity was assessed with an excitation wavelength of 488 nm and an emission wavelength of 525 nm, and untreated cells were used as a reference for the ROS levels. The mitochondrial membrane potential was measured using the cationic dye DiOC 6 . Cells were loaded with DiOC 6 (40 nmol/ l), incubated at 37°C for 40 min, and resuspended in 0.5 ml of PBS before the flow cytometric analysis. DiOC 6 was excited at 488 nm, and fluorescence was analyzed at 525 nm.
Alkaline single-cell agarose gel electrophoresis (comet) assay
A comet assay was performed to assess cell oxidative DNA damage as described previously [33] . In brief, equal numbers of RINm5F cells were seeded in a 6-well microplate and grown to 80 % confluency in RPMI medium. The cells were then treated with or without TO901317 (10 μmol/l) in the presence or absence of MitoTempol (75 μmol/l) or MitoQ (100 nmol/l) for 36 h under low-glucose (11.2 mmol/l) or high-glucose (31.2 mmol/l) conditions. The cells were washed with PBS, harvested in 0.5 ml of trypsin, and then resuspended in 100 μl of 0.5% (w/v) low melting agarose (LMA) at 39°C. The cell suspension was applied to a frosted microscope slide that was pre-coated with 200 μl of 1% (w/v) normal melting agarose (NMA). After solidification of the agarose, the slide was covered with another 200 μl of 0.5% (w/v) LMA and then immersed in lysis buffer solution (2.5 mol/l NaCl, 100 mmol/l Na-EDTA, 10 mmol/l Tris, 1% Triton X-100, and 10% DMSO, pH 10) overnight at 4°C. The slides were placed in a horizontal electrophoresis tank, covered with fresh electrophoresis buffer (300 mmol/l NaOH and 10 mmol/l Na-EDTA, pH 13) and incubated for 20 min to allow DNA unwinding and the expression of the alkalinelabile damage. An electric field was applied (300 mA, 25 V) for 25 min at 4°C to draw negatively charged DNA towards an anode. After electrophoresis, the slides were washed with neutralizing buffer (0.4 mol/l Tris, pH 7.5) for 5 min at 4°C and then washed with absolute ethanol for 5 min at 4°C. Finally, the gels were stained with SYBR Gold diluted (1:10,000) in deionized water. The slides were stored in a humidified lightproof box for up to 12 h at 4°C before analysis using fluorescence microscopy (Nikon ECLIPSE 50i, Japan). The percentage of total DNA in the tail was determined using the Comet Software (NISElements F2.20) program and was used as a measure of DNA damage. A total of 50 cells per slide were analyzed, and the results were presented as the mean percentage of DNA in the comet tail ± S.E.M. from 100 cells from two independent experiments.
Determination of 8-hydroxy-2-deoxyguanosine
The 8-hydroxy-2-deoxyguanosine (8-OHdG) content was measured using the Bioxytech 8-OHdG-EIA kit [34] . DNA was isolated from RINm5F cells using DNAzol reagent according to the manufacturer's instructions, and the absorbance was measured spectrophotometrically at 280 nm. Samples containing 200 μg DNA were resuspended in 50 μl of reaction mixture containing 100 mmol/l sodium acetate (pH 5.0) and 5 mmol/l MgCl 2 and then digested with 1 μl DNase I for 10 min at room temperature. DNA-digested samples were added to microtiter plates that were precoated with 8-OHdG monoclonal antibody, and the assay was performed according to the manufacturer's instructions. Sample absorbance was measured at 450 nm using a fluorescence microplate reader (Bio-Rad, Richmond, CA, USA).
Measurement of citrate synthase activity
The citrate synthase activity was measured using the citrate synthase assay kit (Sigma). Citrate synthase activity was measured spectrophotometrically at 412 nm using 2 μg isolated mitochondria.
Measurement of intracellular ATP content
ATP concentration was determined using the ATP bioluminescent assay kit supplied by Sigma. The ATP content was calculated as nmoles ATP per microgram protein.
Transmission electron microscopy Cells were fixed in Karnovsky's fixative solution (1% paraformaldehyde, 2% glutaraldehyde, 2 mmol/l calcium chloride, and 100 mmol/l cacodylate buffer, pH 7.4) for 2 h, washed with cacodylate buffer, and post-fixed in 1% osmium tetroxide and 1.5% potassium ferrocyanide for 1 h. The cells were dehydrated through a graded ethanol series and embedded in propylene oxide and EPON:propylene oxide (1:1). The cells were sectioned using a Reichert Ultracut (Leica, Cambridge, UK). After being stained with uranyl acetate and lead citrate, the cells were observed and photographed using transmission electron microscopy (Zeiss EM 902A, Leo, Oberkohen, Germany).
Preparation of nuclear extracts
Equal numbers of HIT-T15 cells were seeded in 100-mm dishes and grown to 80% confluency in RPMI medium. The cells were then treated with or without TO901317 (10 μmol/l) in the presence or absence of MitoTempol (75 μmol/l) or MitoQ (100 nmol/l) for 36 h under low-glucose (11.2 mmol/l) or highglucose (31.2 mmol/l) conditions. The cells were washed with PBS, harvested in 1 ml of trypsin, and then suspended in PBS. The supernatant was removed using centrifugation at 1,000 rpm for 5 min, and the cell pellet was resuspended in cytosolic Buffer A (10 mmol/l Hepes, pH 7.9, 10 mmol/l KCl, 0.1 mmol/l EDTA, 1 mmol/l DTT, and 0.5 mmol/l PMSF) with 1% Nonidet P-40 and then homogenized. The homogenate was centrifuged at 4,500 rpm for 5 min, and the supernatant was retained for cytosolic protein analysis. The nuclear cell pellet was resuspended in nuclear Buffer B (20 mmol/l Hepes, pH 7.9, 0.4 mol/l NaCl, 1 mmol/l DTT, 1 mmol/l PMSF, and 1% Nonidet P-40) and centrifuged at 14,000 rpm for 15 min. The supernatant was then used for nuclear protein analysis.
Measurement of insulin secretion
Equal numbers of HIT-T15 cells were seeded in a 12-well microplate and grown to 80% confluency in RPMI medium. The cells were then treated with or without TO901317 (10 μmol/ l) in the presence or absence of MitoTempol (75 μmol/l) or MitoQ (100 nmol/l) for 36 h under low-glucose (11.2 mmol/l) or high-glucose (31.2 mmol/l) conditions and incubated in KrebsRinger-bicarbonate-Hepes buffer (KRBH; 140 mmol/l NaCl, 3.6 mmol/l KCl, 0.5 mmol/l NaH 2 PO 4 , 0.5 mmol/lMgSO 4 , 1.5 mmol/l CaCl 2 , 2 mmol/l NaHCO 3 , and 10 mmol/l Hepes) supplemented with 2.8 mmol/l glucose and 0.1% bovine serum albumin (BSA) at 37°C for 1 h under a 95% O 2 /5% CO 2 atmosphere. The cells were then incubated with KRBH containing 2.8 mmol/l or 25 mmol/l glucose for 1 h at 37°C, and the medium was collected for the detection of insulin secretion. Insulin secretion was measured using an enzyme immunoassay (ALPCO, Salem, NH, USA) as previously described [29] .
Western blot analysis
Western blot analysis was performed using previously described methods [29] . In brief, cell lysates (20 μg protein) were separated via SDS-PAGE and electroblotted onto a PVDF membrane for 1 h at 100 V at 4°C. The membranes were blocked with 3% bovine serum albumin for 1 h in TBST (20 mmol/l TrisHCl, pH 7.5, 50 mmol/l NaCl, and 0.1% Tween 20). After being blocked, the membranes were incubated overnight at 4°C with primary antibodies diluted 1:1000 in TBST. After being washed in TBST buffer, the membranes were incubated for 1 h in antirabbit, anti-goat, or anti-mouse horseradish peroxidaseconjugated IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA) secondary antibodies diluted 1:2000 in TBST, and the labeled proteins were detected with chemiluminescence reagents. Unless specified, actin and VDAC were immunoblotted to standardize the quantity of sample proteins for all Western blotting analyses. The SeeBlue pre-stained molecular weight marker standards (Invitrogen, USA) were used in our experiments.
Statistical analysis
The results are expressed as means ± SE and are from at least three independent experiments. Statistical analyses were conducted via Student's t-test. Unless otherwise indicated, a P value of < 0.05 was considered significant.
Results
Mitochondria-targeted antioxidants protect against mitochondrial and ER stress under glucotoxic and glucolipotoxic conditions
The liver X receptor (LXR) is a member of the nuclear receptor family of transcription factors and is an important regulator of cholesterol, fatty acid, and glucose homeostasis. The most well characterized LXR target gene is SREBP-1c, which serves as a trigger for downstream transcriptional events [35] . Several LXR targets through SREBP-1c are genes involved in lipogenesis such as FAS and ACC. TO901317 is a potent and selective agonist for LXR. It was reported that chronic activation of LXR by a synthetic ligand, TO901317, under highglucose condition contributes to severe glucolipotoxicityinduced -cells apoptosis [27] . Thereby, to induce glucotoxic and glucolipotoxic condition, the cells were incubated with TO901317 under high-glucose condition. The mitochondrial respiratory chain is a major site of ROS production within the cell. Mitochondrial ROS production in pancreatic -cells is increased during hyperglycemia and hyperlipidemia, and the elevated oxidative stress causes -cell dysfunction and apoptosis during the development of type 2 diabetes [8, 36] . Therefore, we examined the effect of mitochondria-targeted antioxidants on the expression levels of mETC complex subunits in pancreatic -cells. We assessed their expression levels by Western blot analysis. Cells were incubated with or without TO901317 in the presence or absence of mitochondria-targeted antioxidants, MitoTempol or MitoQ, under high-glucose conditions. The cells under low-glucose condition medium were used as the control for all experiments. The expression levels of complex I (NDUFAF1, NDUFB6, NDUFB8, NDUFS3, NDUFS5 and GRIM), complex II (Fp), complex III (Core 1, Core 2 and Rieske) and complex IV (Cox1) subunits and mitochondrial antioxidant enzymes, such as MnSOD and Prx3, were significantly increased under glucotoxic and glucolipotoxic conditions, while these increases were suppressed by treatment with MitoTempol or MitoQ (Fig.  1A and B) . Next, we detected ROS in mitochondria via confocal microscopy using the mitochondrial superoxide indicator MitoSOX. The levels of O 2 .-were enhanced in mitochondria within cells under glucotoxic and glucolipotoxic conditions, but reduced in cells treated with MitoTempol or MitoQ (Fig. 1C) . The levels of H 2 O 2 produced by mitochondria isolated from these cells were determined by fluorescence microplate reader using Amplex Red, and showed similar patterns as found for mitochondrial superoxide within intact cells (Fig. 1D) . Generalized levels of non-specific oxidative stress in RINm5F cells, assessed by flow cytometry and confocal microscopy by using DCF-DA, showed an increase that was consistent with elevated oxidative stress that was prevented by the mitochondria-targeted antioxidants ( Fig.  1E and F) . Although it was demonstrated that MitoQ induces mitochondrial ROS [37] , our results showed that MitoQ protects pancreatic -cells and decreases ROS production, consistent with other reports [38, 39] . The levels of the ER stress markers, such as Bip/Grp78, PDI, CHOP and p-eIF2 , were also increased under glucotoxic and glucolipotoxic conditions, but these increases were suppressed in cells treated with MitoTempol or MitoQ (Fig. 1G) . As expected, total insulin (Fig. 1G) . These results suggest that mitochondria-targeted antioxidants protect pancreatic -cells against the increased mitochondrial ROS, and the loss of insulin in glucotoxicity and glucolipotoxicity.
Mitochondria-targeted antioxidants attenuatecell apoptosis under glucotoxic and glucolipotoxic conditions
It has been recently reported that antioxidants protect pancreatic -cells against apoptosis induced by glucotoxicity and glucolipotoxicity. Therefore, we investigated the effect of mitochondria-targeted antioxidants on apoptosis in pancreatic -cells. For these experiments, cells were incubated with or without TO901317 in the presence or absence of MitoTempol or MitoQ under high-glucose conditions. We tested the effects of these treatments on cell survival using the MTT assay, Western blot analysis of PARP and caspase 3 cleavages, and Hoechst 33342 staining for detection of DNA fragmentation. The MTT assay showed that cell survival rates were significantly decreased under glucotoxic and glucolipotoxic conditions, but were reversed by treatment with mitochondria-targeted antioxidants ( Fig. 2A) . The apoptotic markers, cleaved PARP and cleaved caspase, were also elevated under glucotoxic and glucolipotoxic conditions, but this effect was diminished in cells treated with MitoTempol or MitoQ (Fig. 2B) . Hoechst 33342 staining also showed a similar pattern of apoptosis under glucotoxic and glucolipotoxic conditions that was prevented by mitochondria-targeted antioxidants (Fig. 2C) . These results suggest that mitochondriatargeted antioxidants protect pancreatic -cells from cell death during glucotoxicity and glucolipotoxicity.
Mitochondria-targeted antioxidants attenuate lipogenesis and lipid accumulation under glucotoxic and glucolipotoxic conditions
TO901317 induces lipogenesis and promotes de novo synthesis of FFA and TG under high-glucose conditions in pancreatic -cells, mimicking the pathology associated with type 2 diabetes [27] . In advance of this study, we tested the effect of TO901317 in low-glucose condition. We got the results that TO901317 can increase expression of genes associated with lipid metabolism in low-glucose condition (data not shown) [40] . Therefore, we examined the effect of mitochondria-targeted antioxidants on lipogenesis in pancreatic -cells by Western blot analysis. Cells were incubated with or without TO901317 in the presence or absence of MitoTempol or MitoQ under high-glucose conditions. Then, we observed how these antioxidants affected lipogenesis and fat accumulation in the -cells. The results showed that the expression levels of lipogenic enzymes, such as ACC, FAS and ABCA1, were significantly increased under glucotoxic and glucolipotoxic conditions, but this was prevented by treatment with MitoTempol or MitoQ (Fig. 3A) . Oil Red O staining also showed an increase in lipid accumulation that correlated with the Mitochondrial ROS in Pancreatic -cells increased expression of lipogenic enzymes in cells incubated with high-glucose medium containing TO901317, which was prevented in cells treated with MitoTempol or MitoQ ( Fig. 3B and C) . To further test the effect of mitochondria-targeted antioxidants on lipid accumulation in pancreatic -cells, we measured the levels of intracellular TG, FFA and cholesterol under the same conditions as described above. Results showed that the levels of cellular TG and FFAs were significantly increased in pancreatic -cells under glucotoxic and glucolipotoxic conditions, but that treatment with MitoTempol or MitoQ decreased this effect ( Fig. 3D and E). Interestingly, the cholesterol level was not changed under both conditions, suggesting that cholesterol metabolism in -cells is unaffected by redox status and therefore that it may play a minimal role in -cell dysfunction (Fig. 3F) . Taken together, these results suggest that mitochondria-targeted antioxidants attenuate lipogenesis and lipid accumulation in glucotoxicity and glucolipotoxicity.
Mitochondria-targeted antioxidants prevent lipid peroxidation, oxidative stress and oxidative DNA damage under glucotoxic and glucolipotoxic conditions
Lipid peroxidaion products comprise highly reactive lipid aldehydes, such as 4-oxonon-2-enal (ONE), HNE, MDA and acrolein, which are able to cause protein and DNA damage within cells [41] . Therefore, we next investigated the effect of the mitochondria-targeted antioxidants on lipid peroxidation in pancreatic -cells by Western blot analysis. The levels of the lipid peroxidation products, HNE, MDA and acrolein, were significantly increased under glucotoxic and glucolipotoxic conditions, but were decreased by treatment with MitoTempol or MitoQ (Fig.  4A) . To further verify these observations, we measured the expression levels of a number of oxidative stressresponsive proteins, including HO-1, Hsp60 and Hsp72 by Western blot analysis. These indicators of elevated oxidative stress showed a similar pattern as lipid peroxidation products (Fig. 4A) . To test the effect of the mitochondria-targeted antioxidants on oxidative DNA damage in pancreatic -cells, we detected oxidative DNA damage by using the alkaline comet assay after incubation of cells under the same conditions as described above. These results showed that percentage of DNA in the comet tail was significantly increased under glucotoxic and glucolipoloxic conditions, consistent with elevated DNA damage, and that this damage was decreased in cells treated with MitoTempol or MitoQ (Fig. 4B and C) . Furthermore, the magnitude of DNA base modification to 8-OHdG, as determined by ELISA, showed the same patterns as observed with comet assay supporting a role for DNA damage in this system (Fig. 4D) . Taken together, these results suggest that mitochondria-targeted antioxidants protect pancreatic -cell against oxidative damage and promote pancreatic -cell survival in glucotoxicity and glucolipotoxicity.
Mitochondria-targeted antioxidants prevent the loss of mitochondrial membrane potential under glucotoxic and glucolipotoxic conditions
Sustained elevated oxidative stress within mitochondria can eventually lead to induction of the mitochondrial permeability transition, and thereby lead to the loss of the mitochondrial membrane potential [42] that can in turn lead to the release of cytochrome c, and the activation of the apoptoticpathway [43] . Therefore, we investigated the effect of mitochondria-targeted antioxidants on mitochondrial membrane potential in pancreatic -cells by flow cytometry, using the cationic dye DiOC 6 . This analysis showed that the mitochondrial membrane potential was significantly depolarized under glucotoxic and glucolipotoxic conditions, but that mitochondria-targeted antioxidants prevented this loss of potential (Fig. 5A) . Furthermore, the loss of membrane potential was correlated with loss of cytochrome c from mitochondria into the cytosol under glucotoxic and glucolipotoxic conditions, and this was also prevented by treatment with MitoTempol or MitoQ (Fig. 5B ). We next measured the level of the mitochondrial apoptosis marker Bax by Western blot analysis and found that both MitoTempol and MitoQ attenuated the increase in expression level of Bax in mitochondria under glucotoxic and glucolipotoxic conditions (Fig. 5B) .
Mitochondrial ROS in Pancreatic -cells 
Mitochondria-targeted antioxidants prevent the decrease in intracellular ATP content and the enzyme activity of citrate synthase that occurs under glucotoxic and glucolipotoxic conditions
It has been shown that elevated concentrations of fatty acids or glucose concentration impair mitochondrial ATP synthesis in pancreatic -cells [44] . Therefore, we next assessed whether mitochondria-targeted antioxidants could prevent this decrease in mitochondrial ATP production under glucotoxic and glucolipotoxic conditions. We found that the intracellular ATP content was significantly decreased under glucotoxic and glucolipotoxic conditions, but that this loss was prevented by MitoTempol or MitoQ (Fig. 6A) . To extend these observations, we Mitochondrial ROS in Pancreatic -cells assessed the effect of glucotoxicity and glucoliptoxicity on mitochondrial content in the cells by measuring the activity of the mitochondrial matrix marker enzyme citrate synthase. These measurements showed that glucotoxicity and glucoliptoxicity decreased mitochondrial content while the mitochondria-targeted antioxidants prevented this decrease (Fig. 6B) . Finally, we assessed the effects of glucotoxicity and glucoliptoxicity on mitochondrial structures by transmission electron microscopy (TEM). The mitochondrial TEM images showed increased numbers and sizes of vacuolated mitochondria with disordered cristae under glucolipotoxic conditions, but these effects were prevented by mitochondria-targeted antioxidants (Fig. 6C) . These results suggest that mitochondria-targeted antioxidants preserve mitochondrial structure, content and function during the oxidative stress associated with glucotoxicity and glucolipotoxicity.
Mitochondria-targeted antioxidants inhibit NF-B and SREBP1c activation, and increase glucose-stimulated insulin secretion under glucotoxic and glucolipotoxic conditions
Glucose-stimulated insulin secretion (GSIS) is defective in RINm5F insulinoma cells [45] , but in contrast, Hamster insulinoma HIT-T15 cells secrete insulin in response to glucose and other secretagogues [46] . Therefore, we used the HIT-T15 cell line to determine the effects of glucotoxicity and glucolipotoxicity on GSIS. In parallel, we also assessed the effects of these conditions on the activation of NF-B and SREBP1c. We found that the levels of p50 and p65 in the cell nuclei increased under glucotoxic and glucolipotoxic conditions, while these increases were prevented by treatment with MitoTempol or MitoQ (Fig. 7A) . In contrast, these conditions led to an increase in the phospho-I B level without any variation of total I B present in the cytosol (Fig. 7A) . The SREBP1c activation was measured by assessing the expression levels of the precursor and active nuclear forms of SREBP1c. In our experiments, the expression levels of both forms of SREBP1c were increased under glucotoxic and glucolipotoxic conditions, but these increases were suppressed by treatment with MitoTempol or MitoQ (Fig. 7B) . The magnitude of GSIS, as determined by ELISA, was also decreased by glucotoxicity and glucolipotoxicity, and this was prevented by MitoTempol or MitoQ (Fig. 7C) . Taken together, these results suggest that mitochondria-targeted antioxidants decrease the formation of the nuclear active forms of NF-B and SREBP1c, and increase GSIS in glucotoxicity and glucolipotoxicity. 
Discussion
In the present study, we demonstrated that mitochondria-targeted antioxidants, such as MitoTempol and MitoQ, attenuated apoptosis and increased cell survival and insulin secretion in pancreatic -cell lines under glucotoxic and glucolipotoxic conditions. These effects were mediated by decreases in oxidative damage, ER stress and lipid accumulation as well as the restoration of intracellular ATP content and the preservation of mitochondrial content, function and morphology. In addition, the antioxidants inhibited NF-B and SREBP1c activation. These data support the possibility that mitochondria-targeted antioxidants can protect pancreatic -cells from cumulative damage and dysfunction in human type 2 diabetes.
Hyperglycemia and hyperlipidemia are major contributing factors for enhanced mitochondrial ROS production in pancreatic -cells during the development of type 2 diabetes [8, 9] . Pancreatic -cells are particularly susceptible to destruction by mitochondrial ROS because the expression level of antioxidant enzymes in pancreatic islets is low [47, 48] . Mitochondrial ROS are also known to cause lipid peroxidation and reactive aldehyde formation in pancreatic -cells during the development of type 2 diabetes [49, 50] . Lipid peroxidation is a major mechanism of oxygen-free radical toxicity to cellular organelles and membrane-bound enzymes, and aldehydes are cytotoxic products of this lipid peroxidation [51] . In our experiments, we observed that the mitochondria-targeted antioxidants attenuated apoptosis and that this was associated with decreased levels of mitochondrial ROS production, lipid peroxidation, and oxidative DNA damage under glucotoxic and glucolipotoxic conditions. Sustained elevated oxidative stress can lead to the loss of mitochondrial membrane potential [42] . The release of cytochrome c, and the activation of the apoptotic pathway [43] . Indeed, the mitochondrial membrane potential was significantly depolarized under glucotoxic and glucolipotoxic conditions and resulted in the release of mitochondrialcytochrome c to cytosol, whereas mitochondria-targeted antioxidants inhibited the loss of mitochondrialmembrane potential. A decrease in mitochondrial content, integrity and consequently a decrease in ATP content were all observed under glucotoxic and glucolipotoxic conditions. Mitochondria-targeted antioxidants restored mitochondrial morphology, content and function, and thus prevented the loss of intracellular ATP in glucotoxicity and glucolipotoxicity. Taken together, these results suggest that mitochondria-targeted antioxidants play a protective role against oxidative damage and promote pancreatic -cell survival in glucotoxicity and glucolipotoxicity. There is evidence that ROS are lipogenic factors. First, our previous studies showed that ROS increase lipid accumulation via SREBP1c activation in pancreatic -cells [29] . Second, Sekiya et al. reported that ROS, especially H 2 O 2 , increased SREBP1c transcriptional activity and induced lipogenic enzymes to increase lipid accumulation in HepG2 cells [52] . Third, hypoxia, which increased ROS production in human breast cancer cells, was shown to upregulate FAS gene expression via activation of Akt and SREBP1c [53] . Finally, ROS, especially H 2 O 2 , stimulated differentiation of preadipocytes to adipocytes [54, 55] . In our own experiments, we observed that the expression levels of precursor and nuclear forms of SREBP1c, several lipogenic enzymes such as ACC, FAS, ABCA1, and lipid accumulation were increased under glucotoxic and glucolipotoxic conditions, but these increases were reversed by MitoTempol or MitoQ. Taken together, these results suggest that mitochondria-targeted antioxidants attenuate lipid accumulation by reducing mitochondrial ROS in glucotoxicity and glucolipotoxicity.
The relationship between ER stress and ROS still remains to be explained in detail. Thereby, many studies have been focusing on finding out the relation. Recent studies showed that ROS generated at the mitochondria stimulate ER stress [56, 57] , indicating that ER stress is closely associated with mitochondrial ROS. Also, it was demonstrated that pancreatic -cells are susceptible to ROS and ER stress, which in turn interferes with insulin secretion and contributes to -cell apoptosis in type 2 diabetes [58] [59] [60] [61] . Consistent with this concept, we found that the levels of the ER stress markers, such as Bip/Grp78, PDI, CHOP and p-eIF2 , were significantly increased under glucotoxic and glucolipotoxic conditions, but these increases were prevented by treatment with antioxidants. These results were reflected in a reduction in GSIS following glucotoxicity and glucolipotoxicity. Again, it is noteworthy that mitochondriatargeted antioxidants also preserved GSIS, and thus, it may be concluded that mitochondria-targeted antioxidants improve insulin secretion in pancreatic -cells under glucotoxic and glucolipotoxic conditions by suppressing mitochondrial ROS and reducing ER stress.
In summary, this study demonstrates that mitochondria-targeted antioxidants protect the survival and function of pancreatic -cell lines under glucotoxic and glucolipotoxic conditions. As mitochondria-targeted antioxidants, such as an oral formulation of MitoQ, have been shown to be safe and effective in human phase 2 studies [62, 63] , these results suggest that mitochondria-targeted antioxidants may be potential therapies in protecting pancreatic -cells and improving insulin secretion in type 2 diabetes.
